Chronic rhinosinusitis (CRS) is a prevalent disease that causes persistent mucosal inflammation and is associated with bacterial infection, which is thought to play a role in the inflammatory process. Microbiome analysis provides insight to host-microbial interactions. Disturbances in the host and commensal bacteria interaction may lead to CRS. Culture-based methods are useful to isolate some microorganisms but are unable to grow a majority of the bacteria. A review of the literature shows that several recent studies attempted to overcome this issue by using molecular techniques, such as microbial RNA sequencing, to describe the CRS microbiome. All of these studies were performed in adults, with no comparative studies reported in the pediatric population. Similar studies, utilizing molecular techniques, are needed to better understand the mechanism of CRS in children. Because valuable data from these adult studies may help to bridge the gap in our knowledge of the microbiome in pediatric CRS, we present an overview of the methodology and results behind the current microbiomic approach to adult CRS to set the stage for its use in the study of CRS in children.
The field of the microbiological study of chronic rhinosinusitis (CRS) in adults has taken a quantum leap forward in only a few years. Unfortunately, similar approaches to the study of CRS in children have been totally lacking in the literature. A Medline search was performed for articles reporting on the microbiome in patients with CRS. Search terms included: 16S ribosomal RNA (rRNA) gene sequencing in chronic rhinosinusitis, chronic rhinosinusitis and microbiome, chronic rhinosinusitis and pyrosequencing, non-cultured molecular techniques in chronic rhinosinusitis, microbiome and 16S ribosome RNA. The following is an overview of the reported methodology and results behind the current microbiomic approach to adult CRS with the goal to set the stage for its use in the future studies of pediatric CRS.
Bacterial rhinosinusitis is one of the most common problems presented to the primary care physician's office and results in over $5 billion in direct costs annually [1] . CRS symptoms lasting >12 weeks with or without exacerbations, affects more than 30 million Americans, which results in over $2.4 billion in annual health care expenditures [2] . CRS is considered an inflammatory disorder of the paranasal sinuses. Analysis of direct microbial cultures, sinus secretions, and tissue samples has demonstrated the presence of bacteria. It has been speculated that the bacterial colonization in CRS plays a role in pathophysiology of the disease [3, 4] . Despite these findings, the role of microbial stimuli causing inflammation in CRS remains controversial [5] .
The normal flora 'microbiome', also called commensal bacteria, in the gastrointestinal tract, nasal cavity and oropharynx provide useful functions. Microbiome analysis provides insight to host-microbial interactions. In recent years, this has been done using molecular techniques based on microbial RNA. Several published studies have shown that in the healthy state, sinuses are not completely sterile [6] [7] [8] [9] [10] . Disturbances in the host and commensal bacteria interaction may lead to disease, including upper airway disease such as CRS. The majority of the published studies used culture-based techniques as the mainstay of microbial diagnostics in CRS. The range of microbes detected by these techniques may not be representative of the actual diversity present, particularly in environmental samples [11] . Although culture-based methods are still useful to isolate and culture some microorganisms, it has been suggested that no more than 90% of bacteria can be cultured from most environments and that culture-positive results range from only 1 to 10% [12] . This has led to the development and use of molecular methodologies which include the following: phylogenetic oligonucleotide array, 16S ribosomal RNA gene clone libraries, analysis of functional gene arrays, next-generation sequencing technologies, sequencing by mass spectrometry, and random "shotgun" metagenomics [13, 14] . These sophisticated methods help to identify both culturable and non-culturable organisms. For identification purposes, some techniques will selectively enhance or restrict growth of microorganisms. CRS has a polymicrobial community, and identification of every microorganism can be a monumental task [9] . Several recent studies attempted to overcome this issue by using molecular techniques to describe the CRS microbiome [5, 7, 9, 10, 15, 16] . Here we review the available non-culture-based bacterial 16S rRNA gene sequencing data using pyrosequencing to describe bacterial diversity in patients with CRS and in healthy controls.
Abreu et al. report data regarding the healthy normal sinus microbiome in adults [7] . In this study, sinus brushing at the time of functional endoscopic sinus surgery (FESS) in patients with CRS was obtained and compared with that from a control group without CRS. A standardized phylogenetic microarray, the 16S rRNA PhyloChip, was used to analyze samples. This study showed significantly reduced bacterial diversity in patients with CRS compared with normal controls. Another finding in this study was that Lactobacillus sakei appeared to play a protective role in the normal sinus microbiome. The authors hypothesized that as the pathophysiology of CRS is multifactorial: it is co-dependent on a microbiome with increased relative abundance of Corynebacterium tuberculostearicum [7] . The study results could have been impacted by preoperative antibiotic use in some CRS subjects and by controls.
Ramakrishnan et al. analyzed sinus swabs collected during sinus surgery from a cohort of 56 patients with CRS and compared them with swabs from 20 controls using molecular phylogenetic analysis of 16S rDNA pyrosequences [17] . The authors attempted to determine whether a specific adult CRS phenotype shows an alteration in the sinus microbiome. The initial assessment of overall bacterial densities between groups showed the amount of total bacteria present was not statistically different between the groups. Bacteroidetes and Fusobacteria showed significant expansion with purulence in one half of the CRS study group. The isolation of anaerobes in CRS patients highlights the probable role and importance of these bacteria in the pathogenesis of CRS. The presence of nasal polyps was not independently associated with general bacterial community alterations. Baseline abundance of species of phylum Actinobacteria and genus Corynebacterium at the time of surgery were predictive of better surgical outcome in this study.
Feazel and colleagues compared conventional culture-based and culture-independent methodologies for the identification of microorganisms in CRS [10] . Middle meatus swab samples obtained during endoscopic sinus surgery from 15 CRS patients were compared with swabs from 5 controls. The samples were analyzed by using standard bacteriologic cultures and DNA pyrosequencing. Standard cultures were positive for all subjects, CRS patients as well as controls. The most common organisms isolated were coagulase-negative streptococci (75%), Staphylococcus aureus (50%), and Corynebacterium acnes (30%). The most prevalent species detected by pyrosequencing included coagulase-negative staphylococci (100%), Corynebacterium spp. (85.7%), Propionibacterium acnes (76.2%), and S. aureus (66.7%). Pyrosequencing was superior to standard culture technique for identifying significantly more diversity, particularly of anaerobes, in CRS patients relative to controls. The high prevalence of anaerobes in this study is an important finding, because earlier culture-based studies had reported a low prevalence, which could be due to methodological errors. This study also highlights the importance of S. aureus species, which was highly prevalent and abundant in CRS patients compared to controls.
Stephenson et al. reported similar results in a prospective study of 18 patients undergoing endoscopic sinus surgery for CRS and 9 control patients with pituitary adenomas [5] . They utilized molecular culture (bacterial tag-encoded FLX amplicon pyrosequencing (bTEFAP)) for identification of bacterial species present on sinonasal mucosa and compared them with those identified using conventional standard cultures. Standard cultures showed mainly S. aureus and coagulase-negative Staphylococcus. Molecular cultures identified up to 20 organisms per sample, and anaerobic species (Diaphorobacter and Peptoniphilus) predominated. S. aureus was detected in 50% of samples. The authors concluded that molecular cultures such as bTEFAP are sensitive tools for bacterial identification in CRS. This study suggests anaerobic involvement in patients with CRS undergoing sinus surgery. This is in agreement with Feazel et al. [10] regarding the high prevalence of anaerobes in the microbiome of CRS patients.
Aurora and colleagues used deep sequencing of the bacterial 16S and fungal 18S ribosomes genes, a culture-independent method, to analyze lavage of adult patients with CRS and adult controls [16] . In addition to microbiome analysis, immune response in the lavage was measured for the number of cytokines. Peripheral blood leukocyte immune response was measured by quantifying various cytokines. A group of 30 patients with refractory CRS and 12 controls were recruited. Middle meatus lavage was obtained prior to surgical intervention, after induction of general anesthesia. Corynobacterium accolens was the most abundant species, with a statistically significant increase in CRS patients compared to controls. These findings are in accord with those of Abrue et al., as previously described [7] . Fungal microbiome analysis showed Cryptococcus neoformans was much higher in CRS patients than in controls. Cytokine response in the lavage of all CRS patients relative to controls showed significantly elevated levels of interleukin (IL)-4, IL-5, and IL-13. Peripheral leukocytes from CRS patients produced IL-5 in response to control lavage samples (commensals), indicating hyperresponsiveness to the normal microbiome. This study highlights the importance of C. neoformans, a fungus, as a major constituent of sinus fungal microbiome in addition to Corynobacterium.
In a small cross-sectional study, Ramakrishnan and colleagues analyzed middle meatus swabs in healthy subjects without CRS, utilizing quantitative PCR and 16 rRNA pyrosequencing [6] . The most prevalent and abundant species isolated included S. aureus, Staphylococcus epidermidis, and P. acnes. The study has potential limitation with a small sample size and possible contamination of nasal microorganisms into specimens during surgery. Also, middle meatus microorganisms may not be representative of the sinus microbiome.
Choi and colleagues performed analysis of nasal lavage fluid from healthy controls and CRS patients with and without nasal polyposis [18] . Bacterial 16S ribosomal RNA pyrosequencing showed increased bacterial abundance and lower diversity from both bacterial and EV (bacteria-derived extracellular vesicles) fractions among CRS patients compared to controls. The authors found higher S. aureus composition from both bacterial and EV fractions in CRS patients with polyps compared to CRS patients without polyps. Prevotella, a genus of gram-negative bacteria and a genus of Bacteroidetes phylum, significantly decreased in CRS patients compared to controls, suggesting that the reduction in the bacteria may contribute to CRS pathogenesis. The results of this study highlight the importance of S. aureus in the pathogenesis of CRS, particularly CRS with polyps, as reported previously [5, 9, 10] . The most important finding in this study was bacteria-derived EV in the nasal fluids, and the authors argue that it may serve as another useful biomarker of CRS in the future. However, the EV analysis was done on nasal fluids as opposed to sinus fluids. The study was also limited by small sample. [19] [20] [21] [22] [23] [24] [25] . In a prospective study, Cleland and colleagues examined the fungal microbiome in CRS patients undergoing endoscopic sinus surgery [26] . The control group consisted of patients undergoing endoscopic transsphenoidal resection of pituitary adenomas. Swabs were collected from the patients with CRS, intraoperatively and postoperatively, at 6 and 12 weeks. Fungal detection utilized 18S ribosomal DNA (rDNA) fungal tag-encoded FLX amplification pyrosequencing. The authors did not find major differences in the fungal microbiome between controls and CRS patients intraoperatively. Postoperatively, there was a decline in richness and presence of genera Fusarium and Neocosmospora. The authors hypothesized that the presence of Malassezia in patients with CRS could potentially have a disease-modifying effect. Malassezia is considered part of the normal cutaneous flora and is found in areas such as the trunk and head [27] , and therefore its presence in the sinonasal cavity could represent seeding from these sites rather than permanent sinus colonization. Moreover, surgery itself affects the microbiome, and the findings postsurgery may have shown this confounding effect.
Studies of CRS patients have shown a close association between bacterial and fungal biofilms
The results of these studies show that the most common/abundant bacteria in all subjects, both CRS patients and healthy controls included Corynebacterium, Staphylococcus, Propionibacterium, and Actinobacteria. The relative abundance of C. tuberculostearicum and Corynebacterium accolens was associated with CRS inflammation [7, 16] . Increased relative abundance and diversity-particularly of Propionibacterium, Burkholderia, and L. sakei-was associated with healthy sinuses. The first two bacteria are also called "gatekeepers" and are thought to play an important role in maintaining a stable sinonasal community [28] . It is important to note that the studies that examined the microbiome in healthy subjects demonstrated the presence of Staphylococcus, Streptococcus, and Pseudomonas, bacteria known to cause respiratory disease [6, 7, 16] . These studies also indicated that significant microbiome dysbiosis is associated with CRS [7, 10] . The presence of certain bacteria in CRS does not provide information regarding functional capabilities that differentiate healthy people from disease-associated communities. Moreover, some of the conflicting results in these studies could be due to interpersonal variation of the sinus microbiota caused by environmental exposures and biogeography, i.e., sampling of sinus vs. middle meatus. Variation in sampling techniques used to obtain specimens, e.g., brush vs. swab, also may have significant impact. Most of the studies did not consider the impact of other factors that might influence the sinus microbiome, such as lower respiratory tract disease (asthma), smoking, use of antibiotics, and/or use of steroids (oral and/or topical).
The pathophysiology of CRS is likely multifactorial and may be dependent on the paranasal sinus microbiome composition. Our knowledge of microbiota in CRS is still evolving. Key findings from the microbiome studies in adult CRS patients show less richness, evenness, and diversity than in control groups, although the total microbial burden appears to be similar. All culture-independent CRS microbiome studies in the literature have been done in adults, with no comparative studies reported in the pediatric population. Advancement in the understanding of pathophysiology of pediatric CRS, particularly with respect to the microbiome, is limited. Although multiple studies have been published, they are limited to standard culture techniques [29] [30] [31] [32] [33] [34] [35] [36] [37] [38] [39] [40] [41] [42] . The standard culture-based techniques are outdated, antiquated, and limited. Data on CRS microbiome analyses performed with the use of non-cultured molecular techniques utilizing microbial RNA are more sensitive. There is a need for culture-independent research methods for the identification of microbiomes as has been employed in other studies [5, 10, 43] . Valuable data from adult studies may bridge the gap in our knowledge and understanding of the microbiome in pediatric CRS. For now, we can only extrapolate the findings of studies in adults to their application in the pediatric population.
Microbiome dysbiosis is associated with CRS. Culture-independent technologies help to describe microbial diversity, composition, and functional changes, as well as specific immune responses. Future studies should examine larger, more diverse populations, particularly children, of CRS to characterize the microbiome of different CRS phenotypes in comparison with controls. Additionally, longitudinal studies evaluating the effects of antimicrobials, sinus surgery, and topical nasal treatments on microbial diversity and abundance in CRS will be invaluable.
